Introduction
Fuel cells offer a clean, viable alternative to generate electricity at high efficiencies. Similar to a battery, a fuel cell converts chemical energy to electrical and thermal energy by a direct and continuous conversion process of supplied fuel and oxidant. Compared to conventional electrical energy production systems, fuel cells offer several advantages including high efficiency, reliability, fuel adaptability and low levels of pollution.
A fuel cell is composed of 3 layers: an anode which is porous and allows fuel flow to the electrolyte. It also serves as a catalyst for the oxidation of fuel. The electrolyte, which could be aqueous or solid depending on the type of fuel cell, is a layer with high ionic conductivity that permits hydrogen ions or oxygen ions to travel from the cathode to the anode where the chemical reactions will take place. Finally, the cathode is a thin porous layer where oxygen reduction takes place. Figure 1 shows the different elements that compose a fuel cell. Elements of a fuel cell [1] There are many different types of fuel cell technologies, depending on the types of fuel used, materials and electrochemical reactions that take place through the electrodes. One of the most noticeable differences is also the operating temperature. Polymer Electrolyte Membrane (PEMFC), Alkaline (AFC) and Phosphoric Acid (PAFC) typically operate at a temperature range of 100° C -400 ° C. This type of fuel cell is typically used as backup and auxiliary power generation units, transportation as well as military or even aerospace applications as can be seen in Table 1 . Table 1 : Comparison of fuel cell technologies [2] Solid Oxide Fuel Cells (SOFC) are high-temperature fuel cells, operating at temperatures between 700° C and 1000° C. It is not necessary to use expensive catalysts since the rate of electrochemical reactions increases with temperature. Also, they provide fuel flexibility, there is no need to use purified fuel and any impurities in the fuel (such as carbon monoxide) would not affect its operation. Given its high operating temperature, SOFCs have internal reforming capability. As it can be observed in Table 1 , SOFCs have relatively low manufacturing cost, are highly efficient, and their efficiency can increase if used in a combined heat and power (CHP) system. A CHP system recovers the excess heat output by the fuel cell and provides hot water to a building by means of a heat exchanger. Therefore an SOFC can be both an electrical and thermal source of energy. Other uses also include military applications, electric utility power source, and auxiliary power for transportation [2] . Figures 2 and 3 show images of a CHP and auxiliary power unit used in transportation. 
Project Description
This research project is part of the Department of Energy's (DOE) National Energy Technology Laboratory (NETL) Solid-State Energy Conversion Alliance (SECA) Core Technology Program.
PNNL involvement is to provide expertise and analysis in the numerical modeling of the multiphysics involved in SOFC performance analysis.
SECA's goal is to advance SOFC technology through government-industry partnerships. Collaboration is promoted between Core Technology research and development teams and industry that develop these proprietary technologies. Given its internal reforming capabilities, SOFCs are especially attractive for SECA since the ultimate goal is to develop a low cost, high performance and robust fuel cell technology that can be integrated for large coal-fueled central generation systems. This is in alignment with the Clean Coal Power Initiative (CCPI) Program from DOE [4].
Modeling methods and results
SOFCs are modeled at an operating temperature of 800° C, with a tri-layer composed of a non-porous ceramic electrolyte made of Yttrium-doped zirconium oxide (YSZ), an anode made of Ni/YSZ cermet composite and a cathode manufactured of Lanthanum Strontium Manganite (LSM) [5] .
Figure 4: Working chemistry principles of an SOFC [6] There can be a wide variety of species considered in the fuel stream: H 2 , H 2 O, CO, N 2 , Ar, CO 2 , CH 4 , O 2 , He. There have been numerous simulation efforts at PNNL focusing on modeling capabilities and numerical analysis of the performance of SOFCs.
PNNL has developed a Distributed Electrochemistry (DEC) Modeling Tool in order to further the development of computer models to predict SOFC performance and degradation. The commercial computational fluid dynamics (CFD) code STAR-CD is used to solve for fluid, reactive species and electric field calculations. A continuum scale effective properties approach is used for the calculation of particle size, pore size, porosity, tortuosity, volume fractions of Ni and YSZ as well as the conductivities of the materials in the tri-layer [7] . Recent electrochemistry models are used to resolve the charge transfer, electric potential, and species through the electrodes [8] [9] [10] . Surface chemistry reactions are also taken into account and calculated using CHEMKIN.
Given that the expect lifetime of an SOFC is 40,000 hours; there is an increasing interest in developing models to analyze the long term performance of SOFC.
The main challenge in modeling and analyzing the long term performance of the SOFC is to account for all the mechanisms involved in the anode degradation process. Several modifications and improvements were made to the DEC modeling tool in order to integrate such processes. The CHEMKIN routines were activated and its output to STAR-CD was debugged. New gas species present at the anode were added, in order to consider a wide range of fuel gas mixtures. There are two important components that are of interest Ni(OH) 2(g) and Ni(O) (s) . The STAR-CD model setup is shown in Figure 5 . Figure 6 shows the simulation results with and without the CHEMKIN surface kinetics routine activated. A clear difference can be observed between the two sets of results. Given the fuel composition in Table 3 , this is a methane reforming simulation. It is expected that with CHEMKIN active in the calculations, CH 4 would reform; CO would be produced as well as water as byproducts of the reforming reaction. In both cases, H 2 is consumed as part of the regular oxidation of the fuel. There is clearly a higher production of H 2 O and CO and higher consumption of CH 4 with CHEMKIN active; therefore the reactions occurring at the surface of the triple phase boundary (TPB) of the Ni, YSZ and fuel are being accounted for in the numerical calculations.
Long term degradation
The long term performance of an SOFC is directly correlated to the long term degradation of the Ni/YSZ anode. This degradation is thought to be due to several mechanisms such as the local degradation of the triple-phase boundary where the reactions need to take place between the Ni, YSZ and the fuel phases. There is a Ni volatilization phenomena that appears to happen an is currently being investigated by several researchers. This vaporization-deposition seems to be driven by a humidity gradient through the anode [12] . Moreover, this influence of fuel humidity and also cell voltage in the degradation rates has been analyzed [13, 14] and it is believed to play a role in Ni volatilization. There has been evidence of some interstitial hydroxyls on the surface of YSZ at the electrolyte which may have an influence on the TPB and therefore on the overall degradation of the anode [15] .
Unfortunately the vast majority of these degradation studies are done on a short term basis; there are few publications available with results of 10,000 hours or more of testing [16, 17] . Thyden performed an extended study of SOFC degradation with more than 17,000 hours of continuous operation. A linear cell voltage drop was observed after 8000 hours of operation and by the end of the experiment more than 50% of the YSZ contact points were lost or weakened. The TPB was also degraded and its length decreased by around the same percentage [17] . Therefore, the performance of the cell decreases given that reactions at the TPB can no longer take place. It was also inferred that the deposition of Ni on YSZ could be influenced by the humidity gradient present at the anode. This confirms that the volatilization of Ni into Ni(OH) 2 as stated previously, is also a mechanism involved in the long term degradation process of the anode.
(a) (b) Figure 7 : (a) Ni morphology after testing, (b) Ni vaporization-deposition process [12] Figure 7 shows images of the Ni morphology after 20, 50 and 60 hours of testing. It can be seen how Ni droplets are formed after 40 hours and these later deposit and interlock at the opposite side on the surface of the YSZ. This is evidence of the Ni volatilization mechanism discussed previously. Figure 7 (b) provides a schematic description of this vaporizationdeposition process. At the surface reactions, Ni volatilizes in the form of Ni(OH) 2(g) which travels by humidity gradient to the electrolyte YSZ , deposits as Ni(O) (s) then gets reduces to Ni (s) on the YSZ.
Conclusions and future work
The DEC modeling tool is an important resource to understand and predict long term SOFC performance and degradation. This tool can be used both by research and industry teams to further develop SOFCs into a robust and highly dependable technology to provide clean electricity in coal-fueled generation systems. Among other technological and research challenges, anode degradation is a very complex problem, yet to be completely understood. Known issues such as Ni volatilization can be implemented in the DEC model in order to simulate SOFC conditions on a long term basis. As part of the future work to be done in this project, further literature and results need to be found on these degradation mechanisms in order to validate the numerical model. The Ni volatilization, NiO/Ni deposition and presence of OH can be accounted for in the STAR-CD routines and will be properly integrated into the existing calculations.
